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Introduction
Heavy Quarkonium production remains challenging problem 
for understanding QCD
At LHC:

     mainly produced via Leading-Order (LO) 
gluon-gluon interaction
➥ computed via perturbative QCD

cc̄

Formation of bound charmonium states described by non-
perturbative models

Both colour singlet (CS) and colour octet (CO)

Key ingredients to understand production mechanism
J/ψ and ψ(2S) production cross-section and polarisation at 
large transverse momenta (pt)
Ratio of production rates of χc2 vs χc1
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Introduction
NRQCD prediction at LO in αs:

CS scales as 
CO scales as 
➥ contrary to observation
(e.g. fair agreement with
 CDF RunI data for leading order colour singlet)

1/p6
t

However:
LO CS does not describe J/ψ production
Recent NLO corrections at high pt for χc:

NLO corrections become large
Make CS contribution negative and comparable to CO
NLO scale as          → NNLO probably small

→ Further  charmonium studies needed  
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LHCb

4

VELO:
Vertex 
reconstruction

Interaction 
region

RICH:
PID: mainly K/π

Muon System

Tracking Stations
Calorimeter:
PID: h,e,π0,γ



Muon Detector And Calorimeter

Muon detector comprises of 5 dedicated sub-detectors
Alignment in 2010: close to expectation (12 MeV/c2)
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Able to clearly resolve e.g. π0→γγ

from 18 MeV/c2

to 13 MeV/c2

Analysis Note : Measurement of σ(χc2)/σ(χc1) ONLY Issue: 1
5 Photon Reconstruction Date: April 1, 2011

(Figure 2(d)). The results of the fits are also summarised in Table 4. It can be seen that the asymme-
try parameter γ is consistent with zero for all categories of π0’s and that the resolution parameter σ
increases slightly with the number of converted photons. The residuals of the fits [23] to the π0 mass
distributions using the Johnson SU function and the results of Gaussian fits are given in Appendix A,
Figures 24 and 25 respectively.
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(a) Before re-tuning.
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(b) After re-tuning: 0 γ conversion
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(c) After re-tuning: 1 γ conversion
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(d) After re-tuning: 2 γ conversion

Figure 2 Invariant mass distribution for π0 candidates (a) before and (b-d) after re-tuning of the
calorimeter information; (b) neither photon converted, (c) 1 photon converted and (d) both photons
converted. The solid (red) curve is the signal peak ((a) Crystal Ball and (b-d) Johnson function), the
dashed (purple) curve is the background and the solid (blue) curve is the resultant.

Parameter Fit Value
0 γ conversion 1 γ conversion 2 γ conversion

Mean µ (MeV/c2 ) 135.6 ± 0.4 136.3± 0.5 136.2 ± 1.2
Resolution σ (MeV/c2 ) 10.49 ± 0.09 13.47± 1.2 15.09 ± 2.8
Asymmetry γ −0.036 ± 0.047 0.011 ± 0.056 0.028 ± 0.12
Tail δ 1.16 ± 0.11 1.38 ± 0.13 1.52 ± 0.30

Table 4 Results of the fit to the π0 mass distribution using the Johnson SU parameterization to
describe the signal peak.

Studies on the calorimeter calibration [20] show that the reconstructed π0 mass increases with the
number of primary vertices (PV). This effect is also seen with photons where, in the case of high
calorimeter occupancy, the reconstructed photon energy is sometimes higher than expected. In this
analysis all events with one or more PV are considered and the dependence of the results on the
number of PV treated as a systematic uncertainty.

The analysis presented in this note benefits from the re-tuning of the calorimeter information for
the real data. However, the Monte Carlo is yet to benefit from a similar calorimeter re-tuning proce-
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Photon Identification

Photons are reconstructed as 
Unconverted photons
Converted photons (γ→e+e-) after the magnet
The converted photons are identified by 
requiring a signal in the Scintillating Pad 
Detector (SPD)
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Photons from χc are identified using a Confidence Likelihood:
Calorimeter information
Tracking information
Ratio of track seed energy to
ECAL cluster energy

Additional e± rejection: no match between any track and ECAL cluster
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χc Selection
J/ψ Selection:

pt (J/ψ) > 2 GeV/c
vertex prob. > 0.5%
pt (μ) > 0.7 GeV/c
tracks have hits in μ sub-det.
prompt component: tz < 0.1ps

Analysis Note : Measurement of σ(χc2)/σ(χc1) ONLY Issue: 1
9 χc Yield Extraction Date: April 1, 2011
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Figure 9 The ∆M distribution for real data of selected candidates with pJ/ψ
T ∈ [3; 15] GeV/c and for which the

photon has not converted. The solid blue curve corresponds to the full fit function F described in section 9. The
χc0 , χc1 and χc2 peaks are shown respectively in orange, green and red. The background distribution fbgd is
shown as a dashed purple curve.
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Figure 10 The ∆M distribution for real data of selected candidates with pJ/ψ
T ∈ [3; 15] GeV/c and for which the

photon has converted in the SPD. The solid blue curve corresponds to the full fit function F described in section
9. The χc0 , χc1 and χc2 peaks are shown respectively in orange, green and red. The background distribution
fbgd is shown as a dashed purple curve.
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Analysis Note : Measurement of σ(χc2)/σ(χc1) ONLY Issue: 1
9 χc Yield Extraction Date: April 1, 2011
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photon has not converted. The solid blue curve corresponds to the full fit function F described in section 9. The
χc0 , χc1 and χc2 peaks are shown respectively in orange, green and red. The background distribution fbgd is
shown as a dashed purple curve.
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Photon Selection:
γ CL > 0.5
p(γ) > 5 GeV/c
pt(γ) > 0.65 GeV/c

N.B. Calorimeter resolution too coarse to resolve individual χc 
states
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Figure 1: Dimuon mass distribution (left) and tz distribution (right), with fit results superimposed, for

one bin (3 < pT < 4 GeV/c, 2.5 < y < 3.0). On the mass distribution, the solid red line is the total fit

function, where the signal is described by a Crystal Ball function, and the dashed blue line represents

the exponential background function. On the tz distribution, the solid red line is the total fit function

described in the text, the green dashed line is the prompt J/ψ contribution, the single-hatched area is the

background component and the cross-hatched area is the tail contribution.

value is close to the known J/ψ mass value of 3096.916± 0.011MeV/c2
[19], reflecting the

current status of the mass-scale calibration; the difference between the two values has no effect

on the results obtained in this analysis. Summing over all bins, a total signal yield of 565000

events is obtained.

4.1 Determination of the fraction of J/ψ from b
The fraction of J/ψ from b, Fb, is determined from the fits to the pseudo-proper time tz and the

µ+µ−
invariant mass in each bin of pT and y. The signal proper-time distribution is described

by a delta function at tz = 0 for the prompt J/ψ component, an exponential decay function for

the J/ψ from b component and a long tail arising from the association of the J/ψ candidate

with the wrong primary vertex. There are two main reasons for the wrong association:

1. Two or more primary vertices are close to each other and a primary vertex is reconstructed

with tracks belonging to the different vertices, at a position that is different from the true

primary vertex position.

2. The primary vertex from which the J/ψ originates is not found because too few tracks

originating from the vertex are reconstructed; the J/ψ candidate is then wrongly associ-

ated with another primary vertex found in the event.

In the first case, the positions of the reconstructed and of the true primary vertices are correlated.

This category of events is distributed around tz = 0 for the prompt component, with a width

larger than the tz distribution for correctly associated primary vertices. The contribution of

these events to the tz distribution is included in the resolution function described below.

The long tail is predominantly composed of events in the second category. Since the tail dis-

tribution affects the measurement of the J/ψ from b component, a method has been developed

4
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Measurement Outline

Measure production cross section:

Analysis Note : Measurement of σ(χc2)/σ(χc1) ONLY Issue: 1
6 Experimental method Date: April 1, 2011

dure. In particular, it is found that the reconstructed photon energy in the Monte Carlo is offset on
average by −4.5% compared to the generated photon energy, as shown in Figure 3. In order to take
this into account, the Monte Carlo photons are corrected on an event-by-event basis by correcting the
energy of each photon (proto-particle) and recalculating its momentum.
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Figure 3 The offset in the Monte Carlo reconstructed photon energy: (a) is the difference between
the reconstructed and generated photon energy scaled by the generated energy, (Erec

γ −Egen
γ )/Egen

γ ,
and (b) is the mean of a Gaussian fitted to (Erec

γ − Egen
γ )/Egen

γ in each Egen
γ bin.

6 Experimental method

In this note we report the measurement of the relative production cross-sections of prompt χc to
prompt J/ψ . The cross-section ratio is given by

σ(χc → J/ψγ)

σ(J/ψ)
=

∑2
i=0

Nχci

ε
χci
sel ε

χci
γ

·
εdir

J/ψ

ε
χci
J/ψ

NJ/ψ







1+f2s

1+f2s

ε2s
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εdir
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+
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Nχci
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J/ψ
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ε2s
J/ψ

εdir
J/ψ













(1)

whereNJ/ψ is the total number of observed prompt J/ψ ’s, Nχci is the total number of χc ’s observed
in the spin states i = 0, 1, 2 and f2s is the fraction of prompt J/ψ ’s that originate from a ψ(2s). f2s is
fixed to the value (X) obtained in reference [21]. εdir

J/ψ is the total detection efficiency for directly (dir)

produced J/ψ ’s, i.e. not via another resonance, ε2s
J/ψ is the total detection efficiency for J/ψ ’s that

orginate from a ψ(2s) and εχci

J/ψ is the total detection efficiency for J/ψ ’s from the χc state with spin i.

εχci
γ is the identification efficiency of photons from the χc spin states and εχci

sel is the selection efficiency
of the combined J/ψ and photon to make the χc state with spin i.

The production cross-section ratio of the χc2 and χc1 states can be evaluated using

σ(χc2)

σ(χc1)
=

Nχc2

Nχc1

·
εχc1

J/ψεχc1
γ εχc1

sel

εχc2

J/ψεχc2
γ εχc2

sel

·
B(χc1 → J/ψγ)

B(χc2 → J/ψγ)
(2)

where B(χc1 → J/ψγ) (B(χc2 → J/ψγ)) are the χc1 (χc2 ) branching ratios to the final state J/ψγ,
given in Table 5.

The measurement method consists of extracting theNJ/ψ yield from a fit to the di-muon invariant
mass distribution and the three Nχci yields from a fit to the ∆M = M(µ+µ−γ) − M(µ+µ−) mass
difference distribution for events with selected J/ψ candidates. Since the mass difference between
the χc1 and χc2 states is (45.54 ± 0.11) MeV/c2 (see Table 5), the peaks cannot be resolved using
the calorimeter information and a fit is performed to extract the three χc yields simultaneously. The
efficiency terms are extracted from the Monte Carlo simulation.

page 12

in bins of pt(J/ψ) in the range: 3 < pt(J/ψ) < 15 GeV/c
Simultaneous fit to extract χc0, χc1, χc2 yield + BG

Mass difference fixed to PDG for Δm(χc0 - χc1) and Δm(χc2 - χc1)
Ratio of Gaussian resolution σ(χc2)/σ(χc1) fixed to fit on full sample
Gaussian resolution σ(χc1) fixed to fit on full sample
Ratio of Gaussian resolution σ(χc0)/σ(χc1) taken from simulation

Key ingredient: Determination of the various efficiencies
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Ameasurement of the relative cross-section σ(χc2)/σ(χc1) for promptχc production at
√

s = 7 TeV in LHCbRef: LHCb-CONF-2011-011
Conference Note Issue: 1
6 J/ψ and χc polarization Date: April 7, 2011
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Efficiencies
The following efficiencies enter
the ratio of production cross-sections

Analysis Note : Measurement of σ(χc2)/σ(χc1) ONLY Issue: 1
6 Experimental method Date: April 1, 2011

dure. In particular, it is found that the reconstructed photon energy in the Monte Carlo is offset on
average by −4.5% compared to the generated photon energy, as shown in Figure 3. In order to take
this into account, the Monte Carlo photons are corrected on an event-by-event basis by correcting the
energy of each photon (proto-particle) and recalculating its momentum.

gen
!/Egen

!-Erec
!E

-0.5 0 0.5
0

0.01

0.02
0.03

0.04

0.05

0.06

0.07
0.08

0.09
c1
"

c2
"

PreliminaryLHCb 
 = 7 TeV MCs

(a) (Erec
γ − Egen

γ )/Egen
γ

 [MeV/c]gen
!E

5000 10000 15000 20000

ge
n

!
/E

ge
n

!
-E

re
c

!E

-0.055

-0.05

-0.045

-0.04

-0.035

-0.03

-0.025

-0.02

-0.015 PreliminaryLHCb 
 = 7 TeV MCs

(b) (Erec
γ − Egen

γ )/Egen
γ versus Egen

γ .

Figure 3 The offset in the Monte Carlo reconstructed photon energy: (a) is the difference between
the reconstructed and generated photon energy scaled by the generated energy, (Erec

γ −Egen
γ )/Egen

γ ,
and (b) is the mean of a Gaussian fitted to (Erec

γ − Egen
γ )/Egen

γ in each Egen
γ bin.

6 Experimental method

In this note we report the measurement of the relative production cross-sections of prompt χc to
prompt J/ψ . The cross-section ratio is given by

σ(χc → J/ψγ)

σ(J/ψ)
=

∑2
i=0

Nχci

ε
χci
sel ε

χci
γ

·
εdir

J/ψ
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εdir
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(1)

whereNJ/ψ is the total number of observed prompt J/ψ ’s, Nχci is the total number of χc ’s observed
in the spin states i = 0, 1, 2 and f2s is the fraction of prompt J/ψ ’s that originate from a ψ(2s). f2s is
fixed to the value (X) obtained in reference [21]. εdir

J/ψ is the total detection efficiency for directly (dir)

produced J/ψ ’s, i.e. not via another resonance, ε2s
J/ψ is the total detection efficiency for J/ψ ’s that

orginate from a ψ(2s) and εχci

J/ψ is the total detection efficiency for J/ψ ’s from the χc state with spin i.

εχci
γ is the identification efficiency of photons from the χc spin states and εχci

sel is the selection efficiency
of the combined J/ψ and photon to make the χc state with spin i.

The production cross-section ratio of the χc2 and χc1 states can be evaluated using

σ(χc2)

σ(χc1)
=

Nχc2

Nχc1

·
εχc1

J/ψεχc1
γ εχc1

sel

εχc2

J/ψεχc2
γ εχc2

sel

·
B(χc1 → J/ψγ)

B(χc2 → J/ψγ)
(2)

where B(χc1 → J/ψγ) (B(χc2 → J/ψγ)) are the χc1 (χc2 ) branching ratios to the final state J/ψγ,
given in Table 5.

The measurement method consists of extracting theNJ/ψ yield from a fit to the di-muon invariant
mass distribution and the three Nχci yields from a fit to the ∆M = M(µ+µ−γ) − M(µ+µ−) mass
difference distribution for events with selected J/ψ candidates. Since the mass difference between
the χc1 and χc2 states is (45.54 ± 0.11) MeV/c2 (see Table 5), the peaks cannot be resolved using
the calorimeter information and a fit is performed to extract the three χc yields simultaneously. The
efficiency terms are extracted from the Monte Carlo simulation.
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Efficiencies are determined using fully simulated events
Two components:

J/ψ reconstruction: 
➥ consistent with 1 for all pt(J/ψ)

χc reconstruction:
N(χc): generated χc 
→ reconstructed and selected
N(J/ψ): #J/ψ from a χcn state

Very similar (but not identical)
Cut pt(γ) introduces edge
in first bin
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εdir
J/ψ/εχci

J/ψ, in Equation 1 is defined as:

εdir
J/ψ

εχci

J/ψ

=
Ndir

J/ψ rec

Nχci

J/ψ rec

·
Nχci

J/ψ gen

Ndir
J/ψ gen

(8)

where Ndir
J/ψ is the number of directly produced J/ψ ’s and Nχci

J/ψ is the number of J/ψ ’s originat-

ing from a χc state with spin i; rec or gen refers to the number of simulated events reconstructed
or generated respectively. The first term on the right side of Equation 8 is taken from the full inclu-
sive J/ψ Monte Carlo simulation, whereas the second term is taken from the generator-level only

simulation. The extracted efficiencies are reported in Figure 17(a) for each pJ/ψ
T bin.

Similarly, the ratio of the overall efficiency for the detection of J/ψ ’s orginating from the decay of
a ψ(2s) compared to the efficiency for directly produced J/ψ ’s, ε2s

J/ψ/εdir
J/ψ, in Equation 1 is defined

as
ε2s
J/ψ

εdir
J/ψ

=
N2s

J/ψ rec

Ndir
J/ψ rec

·
Ndir

J/ψ gen

N2s
J/ψ gen

(9)

where N2s
J/ψ is the number of prompt J/ψ ’s orginating from the decay of a ψ(2s).

In Equation 2 the ratio of the two efficiencies εχc2

J/ψ/εχc1

J/ψ is given by

εχc2

J/ψ

εχc1

J/ψ

=
Nχc2

J/ψ rec

Nχc1

J/ψ rec

·
Nχc1

J/ψ gen

Nχc2

J/ψ gen

. (10)

The values obtained are reported in Figure 17(b) and are consistent with unity for all pJ/ψ
T .

The product of the efficiency for reconstructing and selecting a photon from a χc , ε
χc1(2)
γ , and the

efficiency for selecting the χc , ε
χc1(2)

sel , is given by the ratio of the number of reconstructed χc and the
number of reconstructed J/ψ that come from a χc :

ε
χc1(2)
γ ε

χc1(2)

sel =
N

χc1(2)
χc1(2) rec

N
χc1(2)

J/ψ rec

. (11)

whereN
χc1(2)
χc1(2) is the number of true χc1(2) reconstructed and selected as a χc1(2) andN

χc1(2)

J/ψ is the num-

ber of J/ψ orginating from a χc1(2) state. The absolute values of the combined efficiences, ε
χc1(2)
γ ε

χc1(2)

sel ,

are shown in Figure 18(a) for each pJ/ψ
T bin and the ratios of the χc2 and χc1 combined efficiencies,

εχc2
γ εχc2

sel / εχc1
γ εχc1

sel , are shown in Figure 18(b) for all photons, Figure 18(c) for not-converted photons
and Figure 18(c) for converted photons. In general it can be seen that the efficiencies for χc1 and

χc2 are consistent as a function of p
J/ψ
T , except in the first pJ/ψ

T bin (pJ/ψ
T ∈ [2; 3] GeV/c ) where the

reconstruction and detection efficiency for χc2 ’s is significantly larger than for χc1 . The difference
in this bin arises from the affect of the photon pγ

T > 650 MeV/c cut, verifed by relaxing the pγ
T cut

in the Monte Carlo. There is an indication that this effect remains in the next bin pJ/ψ
T ∈ [3; 4] GeV/c

for not-converted photons (Figure 18(c)), although the effect of the difference is negligible on the final
combined result.

The Monte Carlo simulation used in this analysis does not take into account the total angular
momentum (J = 1, 2) of the χc states when it generates a J/ψ from χc . This leads to a discrepancy
between the Monte Carlo and data that can be corrected by knowing the angular distributions of the
decay χc → J/ψγ. These angular distributions are defined in reference [3]. We define the weights:

wang
χc1(2)

=
fχc1(2)

(α)

constant distribution
, (12)

where fχc1(2)
(α) is the angular distribution for the decay χc1(2) → J/ψγ and α is the set of relevant

angles as defined in [3] (see also Section 12). The denominator represents the Monte Carlo angular
distribution (constant). wang

χc1(2)
represents the weight to which a Monte Carlo event at angle αmust be

weighted to represent a real χc1(2) decay. We also define:

W ang
χc1(2)

=
NMC

corr

NMC
, (13)
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sive J/ψ Monte Carlo simulation, whereas the second term is taken from the generator-level only

simulation. The extracted efficiencies are reported in Figure 17(a) for each pJ/ψ
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a ψ(2s) compared to the efficiency for directly produced J/ψ ’s, ε2s
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where N2s
J/ψ is the number of prompt J/ψ ’s orginating from the decay of a ψ(2s).
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The values obtained are reported in Figure 17(b) and are consistent with unity for all pJ/ψ
T .

The product of the efficiency for reconstructing and selecting a photon from a χc , ε
χc1(2)
γ , and the

efficiency for selecting the χc , ε
χc1(2)

sel , is given by the ratio of the number of reconstructed χc and the
number of reconstructed J/ψ that come from a χc :
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are shown in Figure 18(a) for each pJ/ψ
T bin and the ratios of the χc2 and χc1 combined efficiencies,
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γ εχc1

sel , are shown in Figure 18(b) for all photons, Figure 18(c) for not-converted photons
and Figure 18(c) for converted photons. In general it can be seen that the efficiencies for χc1 and

χc2 are consistent as a function of p
J/ψ
T , except in the first pJ/ψ

T bin (pJ/ψ
T ∈ [2; 3] GeV/c ) where the

reconstruction and detection efficiency for χc2 ’s is significantly larger than for χc1 . The difference
in this bin arises from the affect of the photon pγ

T > 650 MeV/c cut, verifed by relaxing the pγ
T cut

in the Monte Carlo. There is an indication that this effect remains in the next bin pJ/ψ
T ∈ [3; 4] GeV/c

for not-converted photons (Figure 18(c)), although the effect of the difference is negligible on the final
combined result.

The Monte Carlo simulation used in this analysis does not take into account the total angular
momentum (J = 1, 2) of the χc states when it generates a J/ψ from χc . This leads to a discrepancy
between the Monte Carlo and data that can be corrected by knowing the angular distributions of the
decay χc → J/ψγ. These angular distributions are defined in reference [3]. We define the weights:

wang
χc1(2)

=
fχc1(2)

(α)

constant distribution
, (12)

where fχc1(2)
(α) is the angular distribution for the decay χc1(2) → J/ψγ and α is the set of relevant

angles as defined in [3] (see also Section 12). The denominator represents the Monte Carlo angular
distribution (constant). wang

χc1(2)
represents the weight to which a Monte Carlo event at angle αmust be

weighted to represent a real χc1(2) decay. We also define:

W ang
χc1(2)

=
NMC

corr
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J/ψ and χc Polarisation

Both the polarisation of J/ψ and χc states are unknown
Events are simulated assuming no polarisation
Effect of polarisation:
➥ Change in efficiencies obtained from sim. events.

Evaluate by re-weighting simulated events:
Fully longitudinal / transverse polarisation of J/ψ
According to z component of χcJ states: M = 0 ... J

10

Polarisation
Weights

Ameasurement of the relative cross-section σ(χc2)/σ(χc1) for promptχc production at
√

s = 7 TeV in LHCbRef: LHCb-CONF-2011-011
Conference Note Issue: 1
6 J/ψ and χc polarization Date: April 7, 2011
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Figure 8 The polarization weights W pol for J/ψ, and χc in function of pJ/ψ
T .
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SystematicS

Systematic uncertainties are from the following categories
Fit modelling

Background model sensitive to region just below χc1

Background model parameters correlated to signal 
parameters
Modelling of χc0 component

Finite statistics of simulated events 
Affects extraction of efficiencies

Branching ratio of χc → J/ψγ 
Affects obtaining ratio of branching fractions σ(χc2)/σ(χc1) 
from ratio of yields
σ(χc1) → J/ψγ : 36% , σ(χc2) → J/ψγ : 20%
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Results

Cross-section ratio in bins of pt(J/ψ), stat. + syst. + BR(χc) errors
Black band corresponds to effect of χc polarisation

Blue: Prediction from ChiGen event simulation
Red : NLO NRQCD calculation12

Ameasurement of the relative cross-section σ(χc2)/σ(χc1) for promptχc production at
√

s = 7 TeV in LHCbRef: LHCb-CONF-2011-011
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Figure 9 The ratio σ(χc2)
σ(χc1) in bins of pJ/ψ

T ∈ [3; 15]GeV/c . The internal error bars correspond to the
statistical error on the χc1 and χc2 yields; the external error bars include the contribution from all the
systematic uncertainties. The shaded area around the data points (black) shows the maximum effect
of the unknown χc polarizations on the result. The upper limit corresponds to the spin state (χc1 :
mJ = 1; χc2 : mJ = 2) and the lower limit corresponds to the spin state (χc1 : mJ = 0; χc2 : mJ = 0).
The two other bands correspond to the ChiGen MC generator theoretical prediction [12] (in blue) and
NLO NRQCD [3] (in red).

ment fromLHCb that utilizes the calorimeter system to investigate radiative decays of χc charmonium
states. The results provide a significant statistical improvement compared to previous measurements
at hadron colliders [5] and a significant test of the CS and COmechanisms of charmonium production
at the LHC.
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8 Results and conclusions

The final result for the ratio of the prompt χc2 to χc1 production cross-sections,
σ(χc2)
σ(χc1) , as a function of

pJ/ψ
T is given in Table 7 and shown in Figure 9.

pJ/ψ
T (GeV/c ) σ(χc2)

σ(χc1) Polarization

3 − 4 1.244+0.077 +0.018 +0.079
−0.081 −0.018 −0.070

+0.039
−0.026

4 − 5 1.013+0.062 +0.105 +0.061
−0.060 −0.026 −0.053

+0.078
−0.077

5 − 6 1.087+0.068 +0.035 +0.070
−0.056 −0.088 −0.053

+0.153
−0.160

6 − 7 1.114+0.083 +0.026 +0.079
−0.084 −0.009 −0.053

+0.209
−0.216

7 − 8 0.989+0.104 +0.035 +0.061
−0.085 −0.079 −0.053

+0.223
−0.225

8 − 9 0.833+0.090 +0.053 +0.053
−0.104 −0.026 −0.044

+0.213
−0.206

9 − 10 0.780+0.116 +0.018 +0.053
−0.097 −0.035 −0.035

+0.201
−0.200

10 − 11 0.919+0.170 +0.035 +0.061
−0.149 −0.044 −0.044

+0.260
−0.255

11 − 12 0.933+0.177 +0.061 +0.053
−0.151 −0.044 −0.053

+0.239
−0.240

12 − 13 0.404+0.141 +0.026 +0.035
−0.133 −0.044 −0.009

+0.108
−0.107

13 − 15 0.600+0.163 +0.053 +0.035
−0.165 −0.044 −0.035

+0.157
−0.159

Table 7 The final results for the ratio of the χc2 and χc1 prompt cross-sections, σ(χc2)
σ(χc1) , in bins of

pT of the J/ψ, pJ/ψ
T , and in the rapidity range y ∈ [2; 4.5]. The first error is the statistical error, the

second is the systematic uncertainty and the third is due to the unknown χc → J/ψγ branching ratios.
Also given is the maximum effect of the unknown χc polarizations on the result. The positive number
corresponds to the spin state (χc1 : mJ = 1; χc2 : mJ = 2) and the negative corresponds to the spin
state (χc1 : mJ = 0; χc2 : mJ = 0).

A comparison to the theory predictions from the ChiGen MC generator [12] and from the NLO
NRQCD calculations [3] are also shown in the figure. TheChiGenMCevent generator uses the leading-
order CS model. In the region of low p⊥χ, the 2 → 1 gluon-fusion matrix elements are used for the
χc2 prediction, with the intrinsic partonic k⊥ modelled by a Gaussian distribution, while at high p⊥χ

the 2 → 2 matrix elements are used. In the case of the χc1, where the 2 → 1 process does not occur
for on-shell initial-state gluons, the 2 → 2matrix element is used throughout, with the same Gaussian
intrinsic partonic k⊥ taken in the low p⊥χ region. A smooth phenomenological interpolation between
the regions of low and high p⊥χ is then implemented, with the precise position of the transition deter-
mined by a fit to existing prompt J/ψ data. The predictions from NLO NRQCD are well-documented
in reference [3].

Figure 9 also shows the maximum effect of the unknown χc polarizations on the result, shown as a
black shaded area around the data points. The upper limit of the shaded area corresponds to the spin
state (χc1 : mJ = 1; χc2 : mJ = 2) and the lower limit corresponds to the spin state (χc1 : mJ = 0; χc2 :
mJ = 0). In order to take into account any possible χc polarization scenarios, the central value of the

final result in each pJ/ψ
T bin has to be multiplied by the relevant number in Table 4.

In summary, the ratio of the σ(χc2)
σ(χc1) prompt cross-sections has been measured using ∼ 37 pb−1 of

data collected by LHCb during 2010 at a centre-of-mass energy
√

s = 7 TeV. This is the first measure-
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Summary

First measurement of the relative cross - section
using data recorded in 2010 (                     ) at 

Comparison with dedicated event generator and NLO 
calculation show discrepancy esp. at low pt(J/ψ)

Charmonium production remains a challenging topic for 
QCD
Next steps:

Include converted photons based on tracks
➥ improved resolution w.r.t calorimeter
➥ able to fully resolve all χc states
Evaluate ratio 

Please also see talk on exclusive χc production

σ(χc2)/σ(χc1)

L ≈ 37pb−1
√

s = 7 TeV

13

σ(χc)/σ(J/ψ)
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Systematics 
Systematic uncertainties due to χc branching ratios

not converted photons converted photons
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7.3 χc → J/ψγ branching ratios

In order to extract σ(χc2)
σ(χc1) , the ratio of yields is corrected by the ratio of χc → J/ψγ branching ratios as

shown in Equation 1. The branching ratios are taken from reference [9] and the total uncertainty on
the measurements is treated as a systematic uncertainty in this analysis.

A summary of the uncorrelated (efficiencies and fit) and correlated (branching ratio) systematic

uncertainties obtained for the unconverted and converted σ(χc2)
σ(χc1) cross-section ratios in bins of p

J/ψ
T is

given in Tables 5 and 6 respectively.

pJ/ψ
T (GeV/c ) 2 − 3 3 − 4 4 − 5

Br(χc → J/ψγ) −

+0.070
−0.070

+0.070
−0.053

Efficiencies −

+0.012
−0.011

+0.015
−0.011

Systematics from fit −

+0.040
−0.040

+0.029
−0.033

pJ/ψ
T (GeV/c ) 5 − 6 6 − 7 7 − 8

Br(χc → J/ψγ) +0.070
−0.061

+0.079
−0.061

+0.061
−0.053

Efficiencies +0.015
−0.013

+0.021
−0.019

+0.021
−0.020

Systematics from fit +0.029
−0.033

+0.043
−0.036

+0.029
−0.033

p
J/ψ
T (GeV/c ) 8 − 9 9 − 10 10 − 11

Br(χc → J/ψγ) +0.061
−0.044

+0.061
−0.044

+0.070
−0.061

Efficiencies +0.025
−0.024

+0.034
−0.032

+0.058
−0.053

Systematics from fit +0.027
−0.024

+0.024
−0.029

+0.027
−0.036

pJ/ψ
T (GeV/c ) 11 − 12 12 − 13 13 − 15

Br(χc → J/ψγ) +0.061
−0.035

+0.017
−0.018

+0.044
−0.035

Efficiencies +0.053
−0.046

+0.026
−0.023

+0.055
−0.052

Systematics from fit +0.020
−0.020

+0.022
−0.013

+0.022
−0.043

Table 5 A summary of the systematic uncertainties on σ(χc2)
σ(χc1) for not-converted photons for each

pJ/ψ
T bin.

p
J/ψ
T (GeV/c ) 2 − 3 3 − 4 4 − 5

Br(χc → J/ψγ) −

+0.105
−0.079

+0.061
−0.044

Efficiencies −

+0.024
−0.022

+0.018
−0.013

Systematics from fit −

+0.066
−0.089

+0.045
−0.045

pJ/ψ
T (GeV/c ) 5 − 6 6 − 7 7 − 8

Br(χc → J/ψγ) +0.061
−0.053

+0.053
−0.053

+0.070
−0.053

Efficiencies +0.018
−0.019

+0.021
−0.018

+0.032
−0.031

Systematics from fit +0.045
−0.038

+0.036
−0.040

+0.052
−0.087

pJ/ψ
T (GeV/c ) 8 − 9 9 − 10 10 − 11

Br(χc → J/ψγ) +0.044
−0.035

+0.044
−0.017

+0.035
−0.026

Efficiencies +0.028
−0.028

+0.029
−0.025

+0.040
−0.036

Systematics from fit +0.047
−0.052

+0.040
−0.047

+0.029
−0.036

pJ/ψ
T (GeV/c ) 11 − 12 12 − 13 13 − 15

Br(χc → J/ψγ) +0.087
−0.061

+0.053
−0.035

+0.026
−0.026

Efficiencies +0.125
−0.098

+0.091
−0.078

+0.055
−0.050

Systematics from fit +0.158
−0.045

+0.029
−0.024

+0.038
−0.070

Table 6 A summary of the systematic uncertainties on σ(χc2)
σ(χc1) for converted photons for each pJ/ψ

T bin.
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7.3 χc → J/ψγ branching ratios

In order to extract σ(χc2)
σ(χc1) , the ratio of yields is corrected by the ratio of χc → J/ψγ branching ratios as

shown in Equation 1. The branching ratios are taken from reference [9] and the total uncertainty on
the measurements is treated as a systematic uncertainty in this analysis.

A summary of the uncorrelated (efficiencies and fit) and correlated (branching ratio) systematic

uncertainties obtained for the unconverted and converted σ(χc2)
σ(χc1) cross-section ratios in bins of p

J/ψ
T is

given in Tables 5 and 6 respectively.

pJ/ψ
T (GeV/c ) 2 − 3 3 − 4 4 − 5

Br(χc → J/ψγ) −

+0.070
−0.070

+0.070
−0.053

Efficiencies −

+0.012
−0.011

+0.015
−0.011

Systematics from fit −

+0.040
−0.040

+0.029
−0.033

pJ/ψ
T (GeV/c ) 5 − 6 6 − 7 7 − 8

Br(χc → J/ψγ) +0.070
−0.061

+0.079
−0.061

+0.061
−0.053

Efficiencies +0.015
−0.013

+0.021
−0.019

+0.021
−0.020

Systematics from fit +0.029
−0.033

+0.043
−0.036

+0.029
−0.033

p
J/ψ
T (GeV/c ) 8 − 9 9 − 10 10 − 11

Br(χc → J/ψγ) +0.061
−0.044

+0.061
−0.044

+0.070
−0.061

Efficiencies +0.025
−0.024

+0.034
−0.032

+0.058
−0.053

Systematics from fit +0.027
−0.024

+0.024
−0.029

+0.027
−0.036

pJ/ψ
T (GeV/c ) 11 − 12 12 − 13 13 − 15

Br(χc → J/ψγ) +0.061
−0.035

+0.017
−0.018

+0.044
−0.035

Efficiencies +0.053
−0.046

+0.026
−0.023

+0.055
−0.052

Systematics from fit +0.020
−0.020

+0.022
−0.013

+0.022
−0.043

Table 5 A summary of the systematic uncertainties on σ(χc2)
σ(χc1) for not-converted photons for each

pJ/ψ
T bin.

p
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+0.105
−0.079

+0.061
−0.044

Efficiencies −

+0.024
−0.022

+0.018
−0.013

Systematics from fit −

+0.066
−0.089

+0.045
−0.045

pJ/ψ
T (GeV/c ) 5 − 6 6 − 7 7 − 8

Br(χc → J/ψγ) +0.061
−0.053

+0.053
−0.053

+0.070
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+0.021
−0.018
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+0.035
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Efficiencies +0.028
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+0.040
−0.036

Systematics from fit +0.047
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+0.040
−0.047

+0.029
−0.036
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Table 6 A summary of the systematic uncertainties on σ(χc2)
σ(χc1) for converted photons for each pJ/ψ

T bin.
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